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ABSTRACT 

1. INTRODUCTION 

is given b ~ -  Tholtlpson where P, is t l t c  drcisioll  prol)nl)ilit>- 
level, i.e., t'lw lcvcl ahovc which  protective  Irleusures will 
need to  be taken  in order to  nlirlilllize  loss, ('is  tho  cost of 
taking  protective,  nleasures, and I, is  tltc  resulting  loss 
if protective  measures  arc  not  talicn  and  tllc  weather 
event  occurs. 'I'llompson [ a ] ,  in a study  dealing  with  tlle 
deficiencies of categorical  forecasts,  and Tholtlpson and 
Brier [3], developed  further  the  relationship  between 
calculated risk and the uscfulrlcss of weather  forecasts. 

As a result of t'he  growing  interest  in  forecasts  expressed 
in probabilistic  terms,  tllc  nlcasureltlcnt of forecasting 
skill exhibit'ed by this  type of forecast hecomes of increas- 
ing significance. An extension of conventiorlal 111etIrods 
to the rneasurc1rlent of the  skill of probabilistic forecasts 
is presen  tcd  here. 

2. THE  MEASUREMENT O F  FORECAST SKILL 

For a verification  index  to n1casure the  skill  irlvolvcd in 
tmhe preparat'ion of a series of forecasts, the element of 
chance success (or failure)  must  be removed from  consid- 
eration.  The  convent'ional  skill score first' proposed by 

E€(Glkc [4j and a  lllodification and extension of this  type 
of score by Vernon [ 5 ]  both  take into account  t'he  chance 
clclllent  with  no  additional  factors.  When  only two 
categories are being  considcrcd,  the  deviation scorc 
proposed I)>- Vernon is  cquivalcnt to the  conventional 
skill  score. 

The skill score is not to he corllused with  other types of 
irldiws  whic~h  nlcasurc  the  operational  usefulness of 
weather  forecasts. Howtver, t'o the  extent  that the basic 
valuc of a forecast  is  depende~lt  upon  the skill  involved 
i t )  its pwparation,  the  skill  score is of inlportance  in 
forccast evaluation. 

EVALUATION OF SKILL U S I N G   T W O  PROBABILITY  CATEGORIES 

A first approach  to the verification of probability fore- 
casts  in  terltls of' skill can he trlade by considering pri- 
Illarily a two-catcgor>-  classification. If the  probability 
ol' o c c u r r c ~ ~ ( ~ !  is above a specified  value, the forecast will 
be c~ounted as an "occurrence" f'orecast and if' the  proba- 
bility  is  below  this  value it will he counted as a "non- 
occurr(wce" forecast. For bctt'cr  evaluation of t'he d a h ,  
tllc?-  lay be  distributed  in a c~ontingency table in  the form 
given i n  table 1 .  

111 this ttlble the  columns ant1  rows headed W and NV' 
represe~lt  the occurrence and 11011-occurrence event's,  with 
F'w m t l  FnW representing  the  total  numbers of forecast 
occ'urrellces : t n d  non-occurrences and with 0, and On, 
representing the total  observed  events.  The  numbers a 

TARLE l.-The general  ,form of a  contingency  table for  the evaluation 
of forecasts  involving  two  categories 
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and d represent  the porrect ocwn-rence m d  non-occur- 
rence  forecasts and the  numbers b and c represent  the 
corresponding  errors. T represents the total number of' 
forecasts. 

A skill score of the  form 

is  evaluated  where C is  the  number of correct  forecasts, 
Ec the  number of forecasts  expected to be correct 011 

chance. From table 1, 

which make up tlle numerator of the skill score. The 
numerator  mtly  be  rewritten 21s follows: 

where the first' term on the  right  deals  only  with  the 
occurrence  forecasts and the second term with the 11011- 

occurrence  f'orecasts. I t  is of' interest that  the two terms 
in  ptlrerltlleses are equivalent', thus 

(41 

It '  may then be  concluded that  the skill  shown by :I series 
of forecasts  involving two categories is evel1l-y tlivitle'tl 
bet'ween  occurrence and non-occurrence  forecxsts. As a 
result,  in  evaluating  probability  foreci\sts  which ilre (*l:lssi- 
fied into tw-o categories,  tlle  forecasts u-11ic.h tire placctl 
in  the  high  probability  ctltegory carry the  same weight 
in  evaluating the skill as those :lppe:lring in  the low 
probability  category. No distinction  is  possible  betweell 
forecasts  issued  at'  varying  probability  levels  within  the 
two categories. 111 order to  evaluate  this  skill, the  fore- 
casts must  be  broken down into adt1ition:d cxtegories. 

EVALUATION OF SKILL  USING TEN  PROBABILITY  CATEGORIES 

I n  order  for  probability  forecasts to be of' greatest 
vdue, a group of forecasts  issued at give11 probability 
level must  verify  in  nearly the same  ratio as the expressed 
probability.  This  feature of probability  forecasts  has beer1 
termed  the reliability of the  forecasts,  with  perfect  reli- 
ability  having  been tlt'ttiirled when  forecasts  issued for 
the  individutll  percent,age  probabilit'y  categories are ob- 
served  to  verify  with  the same percentages. With the 
development of numerical  procedures, it is  likely that 
the  goal of perfect  reliability can be closely  t~pproachetl. 
In order to  simplify  the  following  discussion, it will he 
assumed that essentially  perfect  reliability has  been :it- 
t')lined. h series of probilbilit'y  forecasts c:~n  then  be tlis- 
tributed  in a contingency  table  made up of 11 given 

T A B L E  %.-The general f o r m  of a  contingency  table for  the evalr~ation 
of ,forec.asi.s involving 10 categories 

Forecast 

number of categories,  with t h e  "hits"  occurring in  the 
simle ratio tis the  average  probability  for  the individual 
ciltegories. 'L'abulatirlg probability  forecasts  in 10 steps, 
each with a IO percent,  range,  gives  the generalized 
contirlgerlcy  table shown in  table 2. 

I n  this table, Pi is the average probability  level of the 
forecasts  within the rategory, Fi is  the  number of forecasts 
issuccl at  this  level, a ,  and hi are t'lw numbers of occur- 
rences and non-occurren('cs in t'lle i t h  colurlrn and a, 
u r d  b ,  are values of ai and b i  in the colurrms adjacent' to 
the decision  probahilit?-  level. O,, (Inu,, and T are as pre- 
viously dcf inct l .  A n1orr co~rlprelle~rsive~  eva,lua>tion of the 
skill can be  obtained by applying  the  skill  score corn- 
putat ion  tcchiqur  to  the  data in a contingency table 
ol' this f o r ~ t ~ .  &air1 the  skill of t'he  forecasts given in 
the above c~ontirlgcnc- table can be expressed bv means 
of the conventiorlal  skill  score  as  follows: 

wl~ere  thc. first ten11 deals with  the  forecasts  distributed 
in the colunms above the decision  probability level and 
tllc second terlll  with  the  forecasts  below t'llis level. 
Since O u . ,  O,,., and Tare  constants lor any set of data, the 
tcrllls are functions of the three  variables ai, hi ,  and Ft, 
'I'IIP contributions  to  the ovcrall skill of the individual 
colurllns deprnds  upon ai and Fi in  the first' t'errrl  and 
b i  and E ;  in  the  second term of (6). Here again  the two 
tcrlns  in (6) are equal to  each other as brought out in 
cyuution (4). 

Although  the  evaluation of the  skill  score as given in 
( 5 )  dcpcrlds upon the denominator, the percentage contri- 
bution of the  individual  columns  to  the  overall  skill can 
be dcterrnincd frotn the two factors  making up the 
numerator as given  in (6). If the  first  factor  is repre- 
sented by M i  and the  seeond by Ni, the percentage 
c~ontributiorl ol' the individual  colurlms can be  writt'en: 
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The  values of (7) and  (8) depend  upon  tllc  distribution 
over the 10 c~olutnns ol k'f, ai,  ant1 bi, antl in addition on 
the  value of t,he decision  prolmbility le,?vel P,  which  affects 
the  denominator of the two expressions.  Given  a  series 
of forecasts,  tlle  percentage  contribution to the  overall 
skill of the  lorecasts  at each  probability  level can bc 
determined. 

As can bo seen fro111 (6), those colun~ns  for  which ai is 
less than PiOw/T for  the  higlt  probability  forecasts and 
bi  is  less than FiO,,/T for  the  low  probabilitJ-  forecasts 
cont'ribute a negative  factor to thc overall  skill.  This 
negat'ive  contribution  results  lronl  the  fact that the  values 
of ai and b i  (the nutllbcrs of correct f'orccasts) are less 
t'han  would be expected to be correct on a c l l a n c ~  basis. 
If the  decision probahi1it)T level  has a value  cquivalent  to 
the  climatological  expectancF-,  then ai and b i  are always 
equal t o  or greater  than chance expectancy. As tlle 
decision probabilitJ- level is  shifted to  higher (or lower) 
values, the values of ai (or bi) in the colulnrls  involving 
probabilities  between Y, and  the  cli~natologic.al  expectancy 
become  less t'han  chance  expectancy antl u negative con- 
tribution  is  introduced  into  the  skill  score.  Howcver, 
because of ot'her fact,ors this  does  not,  nlean  that the skill 
score has  its  greatest  value  when the decision probability 
level is  equal to  the c:linlatological expectancy. On the 
ot'her hand, this  does  indicate  that t'Ite value of the  skill 
score obtained  for a series of probability  forecasts  dcpcnds 
011 t.ha value chose11 lor tlle  decision  probability  level. 
Since a choice of this  probability  level  is  inltcrent in the 
preparation of a forecast,  whether  expresscd or itliplied, 
it  then  becomes  necessary for forecasts to he based 011 the 

TABLE 3.-Distribution of simulated  forecasts in the 10 categories on 
the   assumption of unzjorm distribution of 250 occurrence  cases 

- - - - - - - - - - 
probability 

a ............... 25 25 25 25 25  25 25 25 25 25 
/ I - . -  ..___....... 1 4 8 14 20 30 47 75 142 475 1 816 

250 

F .._....._..... 26 29 33 39 45 55 72 100 167 500 1 1 0 6 6  , -_____- 

satlle  decision  probabilit'y  level  in order for  the  calculated 
skill  scores t o  be comparablc. 

3. ILLUSTRATIVE  EXAMPLE 

The  distribution of an  actual series of forecasts  in  the 10 
categories  depends  upon  the  clirnatology of the  weather 
event and upon t'he skill of the  forecaster. For illust'rative 
purposes,  the  not  unrealistic  assumption will be made  that 
the  occurrenccs  lmve a uniform  distribution  in tlle columns 
(25 cases per  colunm)  with t'he non-occurrences  taking  on 
the  required  value t o  give  the  correct  percentage  in  each 
colurlln.  Tllc  assumption  gives  the  distribution  shown  in 
table 3 .  

Fro111 relationships (7) and (8), the  percentage  contribu- 
tion to the  overall  skill of the lorecasts  occurring  in  each 
colu~nn can be  conlputcd  for  various  values of the decision 
probabilitJ-  level P,. For values P, of 20, 50, and 80 
percent,  the  percentage  contribution of the  skill of each 
colu1nn is  indicated  in  table 4.  

Tlle  assurned  dist'ribution of thc  forecasts  result's  in a 
clinlatological  expectancy of 23.4 percent  for  the  occur- 
rence  events. As seen  in  table 4, t he  percentage  corlt'ribu- 
tion of those  forecasts  in  the  columns  falling  between  the 
decision  probability  level  and  the  clirnatological  espect- 
ancy  is  negative.  Since  it  is  irnpossible  to  conceive of 
negative  skill  (less than complete  absence of skill),  the 
negative  value  represents  rather a misuse of the  available 
skill.  Although  it  requires  t'he  same  skill to issue a fore- 
cast at, the 75 percent  levcl  (column 3)  regardless of the 
value of the decision  probabilit'y  level, i t  is noted that  the 
contribution of the  forecasts  falling  in  this  column  changes 
from t 8 . l  percent  to -23.2 percent  in  going  from P, = 20 
percent to  80 percent'.  This  change  in  sign  results  from 
t'lle  fact that the  forecast's  issued a t  this  probability  level 

TABI .E 4.-Percentage  contribution to ihe  overall skill of the forecast.s occurring in each of 10 categories. T h e  value S of the  overall  skill is given 
in last  column  as  obtained j r o m  equation (2) 

-~ 
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TABLE 5.-Percentage contributions to-lthe overall skill of 1 prrcenl 
of the forecasts occurring in each of the 10 categories. 

Forecast 

(percent 
PB I”, Pa P6 P; P, PP P , a  

(75 percent,)  are  occurrence  forecasts,  based on clilrratology 
but by definition  are  non-occurrencc  forecasts based 011 thc. 
decision probahilit’y  level.  The  occurrence of negativt, 
skill  in  the  various  colurnns  leads  to  the  paradox shown fcr 
P, = 80 percent  where  the  fore.caasts  issued at   the  5 prrwnt  
level  (column 10) contribute  124  percent of tllc  ovcrt~ll 
skill. In order to avoid  this type of inconsistency, a skill 
score  used to measure  the  skill of a series of‘ probability 
forecasts  should  be  based on a standard  value of‘ t lw 
probability  decision  level,  prefrrahl?-  equal  to  tllc  t-litlrato- 
logical  expectancy.  This  is  approximately  thc case for t l r r  
data  in  table 4 for P,  = 20 percent. 

The  number of forecasts  in  the  various colutlrtls it1 

table 4 ranges fro111 26 to 500. In order to evaulwte tltc 
skill  required  to  issue O ~ P  forecast at the differetrt pr.01)- 
ability  levels  (assuming  perfect  reliability) the vducs 
in table  4  need  to  be  divided by the  number of forcctlsts 
entered  in  each  column.  A sornewhat more usef‘ul d u e  
can  be  obtained by determining  the  skill  contributed 11)- 
1 percent, of the  forecasts. In table 5 ,  perccrrtage 
contributions of’ I percent, of the forectksts are  given 
for the  several  values of E‘,. As shown by the  data i n  
table 5 ,  approximately  t’wice as much  skill  is  requirctl 
t’o  issue R forecast  at’  the  95-percent  level :IS at)  the 55-  
percent  level, and tthout four times as much : is at   the  
5 percent’  level  for the :Lssunled forecast  distributiolr. 
Less  skill is required  for  probabilities  near  the  climato- 
logical  expect,ancy and, as woultl be  expected, 110 skill 
is  required a t   t he  25-percent  level  which  is  close to  the 
climatological  expectancy. 

4. CONCLUSIONS 

Although  the  esalnple  given  is based on an assumed 
series of forecasts, the  general  ttspects  and conclusions 
are valid for an actual  series.  These  conclusions may 
be sulrlrnarixed as follows: 

1. Assunling  “perfect  relitlbility,”  the  percentage con- 
tribution to the  overall  skill of the  forecasts issued at 
each  probability  level C:LI~ be derived.  7’his percentage 
tleperlds upon  the  distribution of “hits”  and “misses” 
nnd the rrutnher of forecasts  issued at the  various prob- 
tlbility  levels. 

2.  Xegative  skill  is  contributed  by  forecasts issued at 
the  probnbilit’y  levels between the  clirrmtologicd expect- 
a 1 1 c . ~ -  and  the decision  probability  level  and the value 
of t h e  cotllputccl  skill  varies  with the choice of this level. 
As :L result,  it is suggested that n skill score used for t’he 
cva1u;rtion of probability  forecasts  be based on the decision 
prohhi l i ty  level  equal  to  the clirntttological  expectancy. 

:!,. The skill  contributed by the  lorecasts  issued above 
the clccsisioll probability  level is equivalent to  that’ con- 
tributed by those issued below  this  level. 
4. Although  not stated csplicitlJ-, the factors involved 

it1 the  nle:wuwnent of skill ol‘ prohabilit’y  forecasts also 
enter into t11c meitsuretnent~ ol skill of the  usual  type of 
two-c2ttcgory forcc2:lsts. I n  this  latter  ease,  t’he evaluation 
of‘ the  skill  depends upon the assurrrcd decision probability 
lc\rel which  in I n a t l y  insta~lcrs is tlot definitely  stated. 
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